Proteins of the ASPP family bind to p53 and regulate p53-mediated apoptosis. Two family members, ASPP1 and ASPP2, have pro-apoptotic functions while iASPP shows anti-apoptotic responses. However, both the mechanism of enhancement/repression of apoptosis and the molecular basis for their different responses remain unknown. To address the role of the N-termini of pro-apoptotic ASPP proteins, we solved the solution structure of N-ASPP2 (1-83) by NMR spectroscopy. The structure of this domain reveals a β-Grasp ubiquitin-like fold. Our findings suggest a possible role for the N-termini of ASPP proteins in binding to other proteins in the apoptotic response network and thus mediating their selective pro-apoptotic function.
Introduction
The tumour suppressor p53 is a tetrameric multidomain transcription factor that has several complex functions in the cell. In response to oncogenic stresses, p53-mediated transcriptional activation induces cell cycle arrest or apoptosis. [1] [2] [3] [4] It is still poorly understood how cells decide between cell cycle arrest and apoptosis during p53 response. Important factors seem to be cell type, degree of DNA damage, and the presence of survival factors, but the exact mechanism remains unknown. 5, 6 Recently, the ASPP protein family was identified that specifically regulates p53-mediated apoptosis but not cell cycle arrest. [7] [8] [9] The family comprises two members, ASPP1 and ASPP2, which are pro-apoptotic [9] [10] [11] [12] [13] and one member, iASPP, which is anti-apoptotic. [14] [15] [16] However, the molecular basis for their different responses upon p53 activation is currently unknown.
The domain organization of ASPP proteins consists of an N-terminal domain, which is unique to ASPP1 and ASPP2 and was described as α-helical, 9 a predicted coiled-coil domain, 17 and a proline-rich region followed by ankyrin repeats and an SH3 domain. 18 The latter C-terminal domain is highly conserved among all ASPP family members. 9, 15 Several interaction partners including p53, BCL2, protein phosphatase 1, and RELA/p65 bind to this region in vivo and in vitro. 11, [18] [19] [20] [21] [22] The N-terminus is only conserved in the proapoptotic members, ASPP1 and ASPP2, being absent from anti-apoptotic iASPP. In the case of ASPP2 the Nterminus is subject to alternative splicing. The shorter (and less frequent occurring) splice variant is lacking the N-terminal 123 residues and is less able to enhance the transcriptional and apoptotic functions of p53. 12 Interestingly, the N-terminus also seems to play an important role for its cellular localization. While fulllength ASPP1 and ASPP2 are predominantly cytoplasmic, removal of the N-terminal half of ASPP2 causes its C-terminal part, which contains a nuclear localization signal, 23 to localize in the nucleus.
that could explain the selective up-regulation of proapoptotic response elements, 22 it was shown that full-length ASPP proteins are required for maximal transactivation activity. 12 This emphasizes the importance of the N-terminus and suggests that its binding to other cellular proteins might be an important factor in the apoptotic response network.
To gain insight into the role of ASPP N-termini, we solved the solution structure of the N-terminal domain of ASPP2 by NMR and characterized its properties using biophysical techniques.
Results and Discussion
The N-terminus of ASPP2 (N-ASPP2) constitutes a folded domain with high stability Bioinformatics analysis suggested the existence of a folded domain within the N-terminus of ASPP2. This region is conserved amongst ASPP2 orthologues present in vertebrate genomes and shows a very high similarity to the N-terminus of its paralogue ASPP1 ( Figure 1 ). As the functional domain boundaries could not be predicted with certainty, we expressed two constructs of the conserved region, comprising residues 1-83 and 1-135, respectively. 1D-NMR spectra did not show additional signals in the β-sheet region (N 8.5 ppm) for the longer construct (data not shown). In addition, a comparison of far-UV circular dichroism (CD) spectra of both constructs revealed no additional α-helical signal within the longer construct but a significantly higher proportion of unfolded protein as indicated by the shift of the minimum towards smaller wavelength and a negative signal at 200 nm (Figure 2(a) ). Thus, the shorter construct (residues 1-83) encompasses the folded domain and was subsequently used for structure determination.
Relaxation analysis using residue-specific R2/R1 ratios 24 revealed a correlation time of 6.0 ns being consistent with a molecular mass of 12 kDa, indicating that N-ASPP2 behaves as a monomer in solution. This was confirmed by analytical ultracentrifugation (Figure 2(b) ). Thermodynamic stability measurements using thermal denaturation monitored by fluorescence spectroscopy and differential scanning calorimetry (DSC) revealed a midpoint of unfolding at 64°C (Figure 2(c) and (d) ).
Solution structure of N-ASPP2
Backbone and side-chain assignments were obtained using standard triple resonance experiments 25 with 15 N and 13 C isotopically labelled samples. A set of 1106 restraints derived from distance, dihedral angle, and hydrogen bond information was used to calculate an ensemble of representative structures using simulated annealing. Structural statistics and analysis are given in Table 1 . PRO-CHECK analysis 26 shows a favourable backbone conformation for almost all residues with 77.3% of Figure 1 . Multiple alignment of N-ASPP2 with its paralogue ASPP1 (a) and orthologues (b). Alignments were generated with ClustalW. 74 Identical residues are shown in red columns. Conserved and weakly conserved residues are shown in green and yellow columns, respectively. The numbering is based on the sequence of N-ASPP2. the non-glycine and non-proline residues in the most favoured regions and 18.2% in additional allowed regions of the Ramachandran plot. The quality of the structure was assessed using measured and backcalculated 1 D NH residual dipolar coupling (RDC) data yielding a Pearson correlation coefficient of 0.97 and a Cornilescu Q-factor of 0.21, 27 indicating a good agreement between structure and RDC data.
The best-fit superposition of the structures demonstrates a well-defined tertiary structure of N-ASPP2 with rms deviation (rmsd) of 0.66 Å for the entire structured domain (residues 4-83) and 0.27 Å for all secondary structure elements (Figure 3(a) ). Compared to the core of the protein, loops L1, L3, and L6, respectively, are less well defined. This is due to higher intrinsic flexibility of the backbone as verified by measurement of { 1 H} 15 N heteronuclear nuclear Overhauser effect (NOE) values, T 1 and T 2 times (Figure 3(b) ).
The structure of N-ASPP2 has a β-β-α-β-β-α-β secondary-structure organisation and consists of a mixed twisted β-sheet with a strand order 21534 and α-helices that pack on one side of the β-sheet. Helix H1 (residues R29-C35) packs against strands β1 and β2 (residues F5-L10, and H16-P21) at an angle of ∼ 15°. The slightly longer helix H2 (residues M62-F69) packs against strands β3-β5 (residues H44-W49, S52-V56, R77-R81) at an angle of ∼ 15°( Figure  4(a) ). While the strands form a mixed β-sheet, the helices are connected both to this sheet and to each other via the interacting loops L2 (P24-C28) and L5 (D58-R61). A stable hydrogen-bond network exists within the mixed sheet and helix H1 as detected by long-range HNCO connectivities 28 and H/Dexchange experiments resulting in protection factors for these residues in the range of 2 × 10 5 -4 × 10 6 . Long-range NOEs were observed between loops L2 and L5 and between both helices and different strands within the sheet. The hydrophobic core is built by residues L6, V8, V22, V31, L45, V56, V65, F69, V76, and F78, which display extensive longrange NOE connectivities among each other.
The overall fold of N-ASPP2 belongs to the widespread β-Grasp "superfold"
29 that is found in functionally diverse proteins sharing low or no sequence similarity. 30 This fold is characterized by a cradle-like shape of the β-sheet that "grasps" around the α-helix and the mixed β-sheet having the strand order 2143. Strand β4 in N-ASPP2 has no structural equivalent in the β-Grasp superfold.
N-ASPP2 shows characteristics of Ras-binding (RB)/Ras-association (RA) domains
Several members of the family of Ras binding (RB) or Ras association (RalGDS/AF6 Ras associating) (RA) domain proteins share a weak but statistically significant sequence similarity to N-ASPP2. These proteins are putative Ras effector proteins, i.e. they only bind to the activated GTP-bound form of Ras, which plays an important role in various signal transduction pathways such as apoptosis and growth control. 31 It has been shown, however, that not all of them bind to Ras proteins, irrespective of whether they are called RA or RB domains, and that they require a key set of residues at the interface for binding. 32 Binding of RBDs to Ras is mediated by edge-to-edge β-sheet association involving a network of backbone H-bonds. Ras-binding is determined by the presence of positively charged, solvent-exposed residues in β-strands 1 and 2 and in α-helix 1, and mutation of these residues has a drastic effect on binding. 33 These crucial positively charged residues present in other RDBs are not conserved in N-ASPP2 ( Figure 5(a) ) (most obvious for strand β1). Indeed, using NMR and ITC-binding experiments we could not detect binding between N-ASPP2 and human HRas (data not shown), confirming the importance of these residues.
Members of the RBD-family being similar to N-ASPP2 include the Ras-binding domains of AF6 35 and RGL. 36 The most similar structure to N-ASPP2 is the N-terminal domain of chromosome 12 open reading frame 2 (C12orf2) (Nagashima, T. et al., DOI: 10.2210/pdb2cs4/pdb), which was released during our structure determination. Both proteins superimpose with an rmsd of 2.38 Å (Figure 6 ). From 71 structurally equivalent residues 21 are identical. The molecular function of C12orf2 is unknown. Its gene maps close to the KRAS2 gene and encodes for RASSF8 (Ras association (RalGDS/AF-6) domain family 8), which was recently proposed to be a novel tumour suppressor for lung cancer. 37 Several other proteins containing RA domains have also been described to act as tumour suppressor genes. 38, 39 N-ASPP2 belongs to the ubiquitin-like superfamily Ras-binding domains belong to the ubiquitin-like superfamily. This superfamily contains also a family of "ubiquitin-like modifiers" (UBLs) that can be conjugated to other proteins in a similar way to ubiquitin and "ubiquitin-domain proteins" (UDPs) that are related to ubiquitin but are not conjugated to other proteins. 40 Structures of several UBL and UDP domains have been solved, e.g. ubiquitin, 27, 41 Sumo-1, 42, 43 PLCε, 44 and HHR23A, 45 etc.
Other protein families of the ubiquitin-like superfamily that are structurally similar to N-ASPP2 include UBX domains, 46,47 GABARAP-like domains, 48, 49 and FERM domains. 50, 51 In general, these proteins show a conserved pattern of hydrophobic residues that form the hydrophobic core and are likely to contribute to the fold stability. Most of them show characteristic patterns for amphipathic helices like N-ASPP2 (most obvious for helix α1 in Figure 5 (b) and (e) and for helix α2 in Figure 5(b) and (d) ). Differences occur in the length of the second helix, which is smaller in ubiquitin-related and FERM proteins, and in the length of the connecting loops ( Figure 5) .
A superposition of the structures of N-ASPP2 with ubiquitin ( Figure 6 ) reveals the conservation of the overall fold. A total of 60 residues are structurally equivalent and superimpose with an rmsd of 2.64 Å. Within the structurally equivalent regions ten residues are identical. The surface electrostatic potential of N-ASPP2 shows a distinct arrangement into a cluster of positively charged epitopes (R54, R68, R73, R81) and negatively charged epitopes (E19, E25, D30, D33, E37, E40) (Figure 4(b) ). While a division into a positive and a negative "face" also occurs in ubiquitin, SUMO, and NEDD8, 42,52-54 the presence of an acidic patch comprising strand β2 and helix α1 is unique to N-ASPP2 (Figure 4(b) and (c) ). Functional residues are also not conserved. The C-terminal GG-motif in ubiquitin that acts as a recognition site for a protease during conjugation for example is not present in N-ASPP2.
Conclusion
The present study reports the previously unknown solution structure of the N-terminal domain of ASPP2 and revises the current idea that the N-termini of ASPP proteins are either α-helical or unstructured. 9, 55 As this domain is the main differentiator between proapoptotic (ASPP1 and ASPP2) and anti-apoptotic (iASPP) members of the ASPP family, it might be possible that its ubiquitin-like structure described here is responsible for the selective pro-apoptotic function of ASPP2. As the N-terminus of ASPP2 is required for maximal transactivation activity 12 and most structurally related protein domains are involved in protein-protein interactions we anticipate that N-ASPP2 is responsible for binding to other proteins in the apoptotic response network and thus plays an important role in tumour suppression. Further analysis may reveal the role of N-ASPP2 within the complex functions of ASPP proteins in cell-cycle control.
Materials and Methods

Molecular cloning
The genes encoding for amino acid residues 1-83 and 1-135, respectively, of human ASPP2 were extracted from a human cDNA library and subcloned into a pRSET derived plasmid containing an N-terminal fusion of 6xHis/lipoamyl domain/TEV protease cleavage site.
Protein expression and purification
N-ASPP2 and N-ASPP2 (1-135) were expressed in Escherichia coli BL21 at 25°C for 4 h and purified using standard His-tag purification protocols followed by TEV protease digestion, a second Ni-affinity chromatography step to separate the HisLipoTEV tag, and a final gel filtration step. 5% (v/v) glycerol was used throughout the purification. The protein was kept in storage buffer (25 mM sodium phosphate (pH 7.2), 150 mM NaCl, 5 mM DTT), The mass and identity of samples and the completeness of labelling were confirmed by matrix-assisted laser desorption ionization (MALDI) mass-spectrometry. GMPPNP-loaded human H-Ras G12V (residues 1-166) was purified as described. 57, 58 Circular dichroism spectroscopy Far-UV CD measurements were made using a Jasco J-815 spectropolarimeter (Easton, MD). Spectra were recorded from 260-190 nm (far-UV) using a 1 mm path length cell (Quartz-Suprasil, Hellma UK Ltd) and 20 μM protein. Four scans were acquired using a scan rate of 20 nm/min. Buffer conditions were 25 mM sodium phosphate (pH 7.2), 1 mM DTE. Ellipticity was calculated from the instrument units as described elsewhere. 59 
Fluorescence spectroscopy
Measurements were performed on a Perkin Elmer LS55 luminescence spectrofluorimeter equipped with a temperature device controlled by laboratory software. Intrinsic tryptophan fluorescence anisotropy was measured with excitation at 270 nm and emission range from 300 nm to 400 nm. Individual spectra and thermal denaturations from 20 to 90°C were carried out using 2 μM protein in a 25 mM sodium phosphate buffer (pH 7.2), 150 mM NaCl, 5 mM DTT.
Differential scanning calorimetry (DSC)
DSC experiments were performed using a MicroCal™ VP-Capillary DSC instrument with auto sampler (MicroCal, Northampton, MA) with an active cell volume of 141 μl. Temperatures from 10 to 110°C were scanned at a rate of 60°C/h, 125°C/h, and 250°C/h, respectively. Protein concentrations ranging from 50 μM to 300 μM were used to exclude aggregation effects. Buffer conditions were 25 mM sodium phosphate (pH 7.2), 150 mM NaCl, 5 mM β-mercaptoethanol. This buffer was also used for baseline scans. Data analysis included subtraction of instrumental and chemical baselines and normalization for concentration and was performed using Origin™ software.
Analytical ultracentrifugation (AUC)
Equilibrium sedimentation experiments were performed with a Beckman XL-I ultracentrifuge equipped with a Ti-60 rotor and six-sector cells at speeds of 30,000 and 40,000 rpm at 10°C. Data were collected in interference mode using a 200 μM NMR-sample. Buffer conditions were 25 mM sodium phosphate (pH 7.2), 150 mM NaCl, 5 mM DTT. Sample volume was 110 μl. Samples were considered to be at equilibrium as judged by a comparison of the several scans of each speed. Data were processed and analysed using UltraSpin software † and Kaleidagraph (Abelbeck Software, Reading, PA) for graph plotting. † http://www.mrc-cpe.cam.ac.uk/ultraspin 
NMR spectroscopy
All NMR experiments were performed at 298 K in a 25 mM sodium phosphate buffer (pH 7.2), 150 mM NaCl, 5 mM DTT on Bruker DRX500 and Avance800 spectrometers equipped with a cryogenic probe and single-axis gradients. Protein concentrations were 600 μM for triple resonance experiments, 700 μM for nuclear Overhauser effect spectroscopy (NOESY) experiments, 200 μM for RDC measurements, and 400 μM for hydrogen/deuterium-exchange (HDX) experiments. Backbone assignments were obtained using standard HNCA, HNCO, HN(CA) CO, CBCA(CO)NH, and HN(CO)CA triple-resonance experiments. 25, 60 63 Amide protonexchange experiments were performed as described. 64 Protection factors for backbone amides were extracted according the formula P = k int /k ex obs where k int was obtained from elsewhere. 65 Time domain NMR data were processed in NMRPipe 66 and Figures were generated using PyMOL. 67 
Structure calculation
Distance restraints were obtained from two-dimensional [ 1 H, 1 H]-NOESY spectra with interproton distance restraints being classified into four categories corresponding to 1.8-2.8, 1.8-3.6, 1.8-4.7, and 1.8-6.0 Å, respectively, based on their NOESY peak volumes. Backbone ϕ and ψ angular constraints were determined from 13 C chemical shifts using the program TALOS. 68 The final ensemble of structures was calculated using the program CNS. 69 A total of 60 structures out of 90 were accepted with no distance violation N0.5 Å and no angle violation N 5°. Structure calculation statistics are summarized in Table 1 .
The final structure was validated against measured RDCs using the program PALES. 70 Geometries of all structures, as well as elements of secondary structure, were analyzed using MOLMOL 71 and PROCHECK. 26 PyMOL 67 was used for visualization of the structures.
Bioinformatics
Sequence database search for identification of ASPP2 homologues was performed using PSI-BLAST). 72, 73 Multiple sequence alignments were generated with Figure 6 . Backbone superposition of N-ASPP2 (green) with ubiquitin (cyan) (PDB code: 1ubi) and C12orf2 (magenta) (PDB code: 2cs4). Figures were generated with PyMOL 67 and are based on the structure-based sequence alignment as shown in Figure 5 .
ClustalW. 74 Structure-based sequence alignments were produced as described elsewhere. 75 Pairwise structure superimpositions were generated using ProSup. 76 
Protein Data Bank accession codes
The data are deposited in the RCSB Protein Data Bank and are available under accession code 2uwq.
